Soils of temperate forests show both spatial and temporal heterogeneities in nutrient availability, particularly the availability of nitrogen, which is essential for growth processes (50) . To access more nutrients, trees have developed a mycorrhizal strategy, in which the expanding mycelium of ectomycorrhizal fungi is able to explore a larger soil volume than the root alone (45) . The ectomycorrhizal association is therefore a great advantage for controlling plant nutrient status and growth.
The well-characterized structure of Paxillus involutus-Betula pendula ectomycorrhizae (7) is formed by three components: a sheath enclosing the root, an intraradicular network of hyphae, and an outwardly growing system of hyphae, which form essential connections with both the soil and the fruit bodies (50) . The ectomycorrhizal mantle provides a structure suitable for nutrient storage and plays a key role in controlling nutrient transfer between the fungus and the plant through its intimate contact with the root surface (35) . The extraradical mycelium (EM), which extends from the mantle as single hyphae or linear aggregates of such hyphae, is of additional importance, because these structural attributes form the connection between the mantle and the soil and thus provide pathways for nutrient exchange (41) . The positive effect of ectomycorrhizal fungi on plant nutrition could be attributed largely to the activity of EM. The ability of P. involutus to take up and transfer nitrogen compounds to its host, B. pendula Roth, was demonstrated by 15 N feeding experiments (14, 18, 23) . It was shown that labeled N was incorporated into a range of amino acids in the fungal mycelium at considerable distances from the fungal sheath. The main sinks for assimilated N appeared to be GluGln, Asp-Asn, and Ala (16, 32) . In addition, nutrient mobilization from natural organic substrates in the fermentation horizon of forest soils may be a function of the vegetative mycelium of mycorrhizal systems. An increase in the activities of nutrient-mobilizing enzymes in P. involutus colonizing birch litter and a significant decline in the nutrient contents of the colonized litter were demonstrated (4, 37) . Moreover, mycorrhizal roots act as greater sinks for newly fixed 14 C-photosynthates than do nonmycorrhizal roots (NMR) in Eucalyptus pilularis-Pisolithus sp. associations, especially in young mycorrhizae (9) . These labeled compounds, which are likely to be in the form of trehalose, mannitol, and arabitol, are translocated at rates in excess of 20 cm h Ϫ1 through the mycorrhizal mycelium from the host toward the advancing hyphal front (16, 17) . The exchange of nutrients and carbohydrates in ectomycorrhizal symbiosis likely follows rules of a simple "fair trade," probably regulated by signaling substances in response to environmental changes (60) . Indeed, it was shown that elevated levels of CO 2 increase the trading potential of the plant, whereas elevated levels of mineral N increase the trading potential of the fungus (21) .
Conventional molecular approaches and large-scale gene profiling experiments have identified several symbiosis-regulated genes in model systems such as Eucalyptus globulus-Pisolithus microcarpus (59) , Tilia platyphyllos-Tuber borchii (40) , Pinus sp.-Laccaria bicolor (39) , and B. pendula-P. involutus (25) . Nevertheless, no global molecular approach has yet been applied in investigations of spatial differences in gene expression to study gene regulation in the different compartments of the symbiosis. Instead, global transcription studies so far conducted have been designed to allow comparisons of gene expression in ectomycorrhizae, root tissues, or pure cultures of fungi in axenic systems. One therefore needs to consider an intact ectomycorrhizal system providing ideal natural simulations for determining mycorrhizosphere-driven nutrient cycling in forest soils by allowing the formation of EM. Such a system was developed by Read and coworkers with mycorrhizal pine and birch seedlings (4, 17) and was used to study nutrient translocation within a symbiotic association as described before (14, 16, 37) .
Previous results suggested that the amount of NADP-Gdh in Cenococcum geophilum decreased progressively from the peripheral cells of the sheath to the most internal cells of the Hartig net (5, 11) , suggesting that EM possesses primary Nassimilating functions. It was then hypothesized that functional compartmentation occurs in intact ectomycorrhizal symbiosis.
In addition, some studies have provided examples of differential gene expression in the sheath and the Hartig net. Ectomycorrhizae of Amanita muscaria-Populus tremula ϫ tremuloides were dissected (35) , and it was found by reverse transcription (RT)-PCR that hexose transporter (AmMst1) expression was enhanced about sixfold in hyphae of the Hartig net compared with those of the fungal sheath. In contrast, phenylalanine ammonium lyase (AmPal) was only barely detectable in the Hartig net but was highly expressed in the fungal sheath. Moreover, as determined by in situ hybridization, Gln synthetase of T. borchii was expressed in symbiosisengaged hyphae with T. platyphyllos; higher hybridization signals were seen in hyphae that were penetrating root cells (34) .
Gene profiling with an intact ectomycorrhizal system including EM should allow the determination of specific cellular functions operating solely at the symbiotic interface or in the external mycelial network, especially in terms of nutrient acquisition and transfer. In this study, we combined the use of a two-dimensional peat microcosm to allow the formation of an intact mycorrhizal network from the P. involutus-B. pendula association (41) and a cDNA array approach to investigate the differential expression of fungal genes in EM and in the ectomycorrhizal root tips (ECM). Amino acid pools were also analyzed by gas chromatography (GC)-mass spectrometry (MS) to assess the nutrient status of the two compartments. Ϫ1 was used. All pHs were adjusted to 5.5. To synthesize ectomycorrhizae, seeds of birch (B. pendula Roth) from Docksta (Sweden) were stored dried at ϩ5°C until required. They were surface sterilized with 5% (wt/vol) calcium hypochlorite for 30 min, rinsed in several changes of sterile distilled water, and then placed on agar petri dishes to germinate. Two-week-old seedlings were transferred to petri dishes on which the fungus P. involutus had been grown on peat-vermiculite (1:4 [vol/vol]) substrate moistened with double-strength MMN solution and supplemented with malt extract at 10 g liter Ϫ1 and glucose at 1.25 g liter
MATERIALS AND METHODS

Growth
Ϫ1
. Root systems were grown under aseptic conditions, whereas shoot parts were in contact with the atmosphere. Dishes were incubated in a growth chamber maintained with a 16-h photoperiod (150 mol m Ϫ2 s
); day and night temperature and relative humidity were 22 and 18°C and 85 and 65%, respectively. After 10 weeks, mycorrhizal birch seedlings were transferred to humidified peat microcosms and returned to the growth chamber (16) . At 2 weeks after transfer of the seedlings to the peat microcosms, EM and ECM were harvested from four different microcosms and pooled before RNA or amino acid extractions. ECM were made up of the Hartig net, mantle hyphae, and root cells, whereas EM, which had extended from ECM and had spread out onto the peat substrate, was collected at the margin (i.e., 10 cm away from the root tips). Three independent RNA or amino acid extractions were carried out. Axenic mycorrhizal birch seedlings were produced as described previously (7) . Pure cultures of mycelium and mycorrhizal roots were harvested at 4, 8, and 12 days after contact from four petri dishes and pooled before RNA extractions.
The Escherichia coli strain used was DH5␣. Classical procedures for manipulating E. coli cells and DNA were essentially based on those described by Sambrook et al. (46) . cDNA library construction. Total RNA from fungi grown on NH 4 ϩ -or Glncontaining MMN were extracted from approximately 100 mg of frozen mycelium by using an RNeasy plant minikit (Qiagen, Hilden, Germany) according to the manufacturer's recommendations. Two double-stranded cDNA populations were synthesized from total RNA by using a Smart PCR cDNA synthesis kit (Clontech Laboratories Inc., Palo Alto, Calif.). Suppression subtractive hybridization (SSH) was performed by using a PCR-Select cDNA subtraction kit (Clontech). A population enriched for differentially expressed cDNAs with Gln (Gln cDNA population) was obtained after the SSH procedure when the Gln and NH 4 ϩ cDNA populations were considered the tester and the driver, respectively. Similarly, a population enriched for differentially expressed cDNAs with NH 4 ϩ (NH 4 ϩ cDNA population) was obtained with the original tester as a driver and the driver as a tester. In further experiments, both Gln and NH 4 ϩ cDNA populations were used for the construction of a plasmid cDNA library. PCR products from the SSH procedure were ligated into plasmid vector pGEM-T (Promega, Madison, Wis.) and transferred to DH5␣ competent cells. Bacterial clones were stored at Ϫ70°C in 35% glycerol.
DNA sequencing. Clones were transferred to 150 l of 0.1 M Tris-EDTA buffer (pH 8) in 96-well microtiter plates. Cells were immediately lysed in a microwave oven and then stored frozen at Ϫ20°C until use. The bulk of cDNA sequencing was automated, with bacterial lysate as the starting material for PCR amplification of the plasmid insert and then 5Ј DNA sequencing of purified PCR products. Reaction mixtures were prepared with a Biomek 2000 robot (Beckman Coulter, Roissy, France) in a 96-well microtiter format. PCR amplifications were performed with the universal T7 promoter primer (5Ј-TAATACGACTCACTA TAGGG-3Ј) and the SP6 promoter primer (5Ј-TATTTAGGTGACACTATAG-3Ј) and standard PCR protocols. PCR products were purified by isopropanol precipitation (46), followed by assessment of the size and quality by gel electrophoresis. Partial nucleotide sequences of the cDNA inserts were determined by using the dideoxy chain termination method (47) with either a BigDye Terminator kit (Applied Biosystems) or a CEQ Dye Terminator cycle sequencing Quick Start kit (Beckman) and the T7 promoter primer. Sequencing products were purified by isopropanol precipitation and then loaded onto an ABI 3100 genetic analyzer (Applied Biosystems) or a CEQ 2000 XL apparatus (Beckman). Base calling of DNA sequencer traces was conducted by using the PHRED program with the quality level set to 20 (15) . After quality trimming and translation into all three forward frames, sequence comparisons against the GenBank nonredundant protein database were performed by using the FASTA program (6, 36) . Expressed sequence tags (ESTs) from SSH were assembled by using a contig assembly program (20) . Parameters for the contig assembly program were optimized for the EST data, and the following values were set: overlen, 20; percentage, 0.85; cutoff, 40; delta, 8.5 ; open, 0; and pos5, 20. The entire processing of EST data was performed by using the PHOREST tool (1) .
RNA isolation for target preparation. Total RNAs from EM, ECM, and NMR of B. pendula grown in microcosms were extracted by using a hot phenol procedure. Tissues were ground (Retsch blender model MM 300; Qiagen) and homogenized in a mixture of extraction buffer (100 mM Tris-HCl [pH 8], 20 mM EDTA, 0.5 M NaCl, 0.5% sodium dodecyl sulfate [SDS], 0.1 M ␤-mercaptoethanol) and phenol (Aquaphenol; 5:1 [vol/vol]; Appligene Oncor, Illkirch Graffenstaden, France), followed by incubation at 65°C for 10 min. After the addition of chloroform (1:1 [vol/vol]), the mixture was maintained on ice for 15 min and then centrifuged at 9,000 ϫ g for 10 min at 4°C. The supernatant was collected, and RNA was precipitated by the addition of 8 M LiCl to a final concentration of 2 M. The pellet was resuspended in Tris-EDTA buffer (pH 7.5) and purified by a phenol-chloroform procedure. RNA finally was precipitated overnight in 3 M sodium acetate (pH 5.2)-100% ethanol (1:6 [vol/vol]), washed twice in 70% ethanol, and resuspended in diethyl pyrocarbonate-treated water.
cDNA array construction. One-microliter quantities of the bacterial stocks were used to PCR amplify cDNA inserts with primers present in plasmid vector pGEM-T (Promega). The purity and length of all PCR products (20 to 40 ng l Ϫ1 ) were checked by agarose gel electrophoresis. The length of the PCR products varied between 300 and 1,000 bp. A total of 1,230 PCR products, which satisfied our quality control requirements (single PCR products with homogeneous band intensities), were arrayed from 384-well microtiter plates onto nitrocellulose membranes (Eurogentec, Seraing, Belgium) by using a microGrid spotting device (BioRobotics, Cambridge, United Kingdom) with a 384-pin gadget (27) . The 0.4-m pins deposited 100 nl of each PCR product in duplicate with a spacing of 500 m between spots on filters (7 by 10 cm) saturated with NaOH (0.1 M) at a final density of approximately 55 clones per cm 2 . The nitrocellulose filters then were washed, blocked, and baked according to the manufacturer's protocol (Eurogentec).
cDNA array hybridization. Complex probes were prepared by RT and PCR amplified by using the Smart PCR cDNA synthesis kit. Labeling of the cDNA probes was done in the presence of 30 Ci of [ ) for 4 h at 65°C in an HIR10M rotating hybridization incubator (Grant/Boekel, VWR International, Strasbourg, France). The filters then were incubated in 10 ml of fresh hybridization solution containing 33 P-labeled probe at 65°C for 22 h. Hybridized filters were washed successively three times for 5 min each time in 2ϫ SSC at room temperature, two times for 20 min each time in 2ϫ SSC containing 0.5% SDS (65°C), two times for 20 min each time in 1ϫ SSC containing 0.1% SDS (65°C), and two times for 20 min each time in 0.1ϫ SSC containing 0.1% SDS (65°C). Air-dried filters then were wrapped in thin, flexible sheets of plastic and exposed to a phosphorimaging screen (Eastman Kodak Company, Rochester, N.Y.) for various periods (12 h to 3 days), after which the imaging plate was scanned by using Personal Molecular Imager FX (Bio-Rad Laboratories, Hercules, Calif.) at a resolution of 50 m per pixel.
Data analysis. To calculate the signal intensities of each spot, a grid was overlaid on phosphorimages and quantitation of signals was performed by using the volume quantitation method of XDOTREADER (Cose, Paris, France). Signal intensities lower than two times the mean of the background plus the standard deviation were eliminated, and central normalization was performed on the remaining valid data. A Bayesian statistical method (Cyber-T software; http: //visitor.ics.uci.edu/genex/cybert/) based on the t test was used to test for statistically significant differences in gene expression for each pair of conditions tested. The Bayesian t test allows statistical inference to be made even when experiments are replicated only at nominal levels. It assumes that genes with similar expression levels have similar measurement errors (31) .
RT-PCR analysis. Total RNA isolation was performed as described above except that RNase-free DNase (Promega) was applied to avoid genomic DNA contamination. RT reactions were performed with total RNA and with the enzyme Omniscript (Qiagen) as recommended by the manufacturer. RT reactions were performed for 60 min at 37°C, and RT products were used for PCR. The products were amplified by PCR with a Mastercycler (Eppendorf, Le Pecq, France) under the following conditions: 95°C for 1 min, followed by 24, 30, 30, and 33 cycles for cipC (concanamycin-induced protein type C gene), dur3 (urea transporter gene), psd (phosphatidylserine decarboxylase gene), and ti (translation initiation inhibitor gene), respectively, at 95°C for 5 s, 60°C for 45 s, and 72°C for 1 min. The primers used are shown in Table 1 . The suitability of the extracted RNA for RT-PCR amplification was checked by performing RT-PCR control experiments with ti and with primers ti1 and ti2 ( Table 1 ). The control gene was one of those showing no differential expression on cDNA arrays.
RACE-PCR. First-strand cDNA was synthesized from 1 g of total RNA (extracted from P. involutus by using the RNeasy plant minikit) by using Superscript II reverse transcriptase (Invitrogen, Cergy Pontoise, France), an RNase H-negative derivative from Moloney murine leukemia virus, according to the manufacturer's protocol. Specific primers psd3, dur1, and dal (Table 1) were designed from the sequences obtained from the library sequencing and were used in 5Ј and 3Ј rapid amplification of cDNA ends (RACE) reactions performed by using a Smart RACE cDNA kit (Clontech) according to the manufacturer's instructions. 3Ј RACE fragments were successfully amplified for dur3 and psd, and 5Ј and 3Ј RACE fragments were obtained for dal5.
Extraction of amino acids and GC-MS analysis. Amino acids were extracted and analyzed by GC-MS as described previously (24) .
RESULTS
Amino acid and urea contents. The most abundant nitrogenous compounds detected in ECM were Glu, Asp, and Urea (Fig. 1a) . Including Ala, Val, Leu, and Ser, which were found at lower concentrations, the total content of N compounds was 3.6 nmol mg Ϫ1 (dry weight). In EM, urea was the major nitrogenous compound detected (Fig. 1b) , representing 73.0% (0.9 nmol mg Ϫ1 [dry weight]) of the total soluble N compounds (Fig. 1c) . Urea was also found in free-living mycelia (FLM) of P. involutus, although it represented only 1.9 and 11.0% of the total soluble N compounds in mycelia grown on MMN with 3.8 mM N (FLM ϩN) and on N-free MMN (FLM ϪN), respectively (Fig. 1c) . Indeed, concentrations of free amino acids were much higher in free-living mycelia (110.3 and 17.2 nmol mg Ϫ1 [dry weight] on MMN with 3.8 mM N and on N-free MMN, respectively) than in the microcosm system used in the present study (Fig. 1) . It must be noted that the amino acids detected in ECM may well be of plant origin, since NMR contained 28.2 nmol of free amino acids mg Ϫ1 (dry weight) (Fig. 1c) . EST analysis. A set of 1,230 clones were collected after SSH performed on free-living mycelia. The SSH procedure, comparing Gln-fed mycelia (N derepression, i.e., low internal amino acid content) and ammonium-fed mycelia (N repres- sion, i.e., high internal amino acid content), was performed to produce cDNA libraries enriched in genes involved in N nutrition and in genes that are usually underrepresented in cDNA libraries (i.e., transporter genes). A total of 892 ESTs were successfully sequenced (Ͼ99 bp) ( Table 2 ). The ESTs were assembled into 623 tentative consensus contigs, each putatively representing one gene. Of those, 76% appeared as singletons. The redundancy seemed low compared to that seen in similar projects (25) and may indicate that the subtractive hybridization reduced a pool of more common transcripts. The assembled sequences were analyzed for homology with known sequences in databases by using the BLASTX program (http: //www.ncbi.nlm.nih.gov/BLAST/). Totals of 46, 33, and 19% of the sequences, respectively, displayed low, moderate, and high degrees of similarity to protein sequences in the GenBank nonredundant protein database (1) . Among the most redundant clones, we found ESTs coding for acyl coenzyme A oxidase (nine ESTs), cytochrome P450 (eight ESTs), 40S ribosomal protein S27 (seven ESTs), 40S ribosomal protein S15 (seven ESTs), 40S ribosomal protein S12 (six ESTs), a protein involved in actin filament assembly (Arp2-3) (six ESTs), and actin (five ESTs). A large proportion of the identified sequences corresponded to proteins involved in primary metabolism (29.0%); protein synthesis (17.0%); protein fate (8.0%); transport (7.8%); control of cellular organization (4.7%); cell rescue, defense, and virulence (4.2%); regulation (3.6%); and the cell cycle (0.8%).
Differential gene expression in EM and ECM. To assess gene expression profiles in EM and ECM, cDNAs from the subtracted libraries were arrayed at high density on nitrocellulose membranes. Probes were synthesized from EM and ECM total RNAs and used for hybridization. Twenty-eight percent of the signals showing intensities lower than two times the mean of the background plus the standard deviation were eliminated before statistical analysis. Central normalization was applied, compensating for the probable dilution of fungal transcripts in mycorrhizae due to extraction from material containing both fungal and plant RNAs. It was previously shown, by using several independent techniques, that only 30% of the transcripts extracted from P. involutus-B. pendula ectomycorrhizae are of plant origin (25) . We confirmed that the higher level of transcripts found in ECM was not due to transcripts of B. pendula roots by hybridizing a membrane with a probe synthesized from RNA from NMR grown under similar conditions. No signals were detected, indicating that there was no cross hybridization between the plant target and the fungal reporters (data not shown). Principal-component analysis performed with GeneAnova software demonstrated that transcript profiles between the two compartments analyzed were statistically ) between EM and ECM, with signal intensity ratios ranging from 1.9-to 24.0-fold (Tables 3 and 4) . Seventeen of these 65 differentially expressed transcripts had no homology with any known sequence, and some of them may be of importance for the functioning of the symbiotic structure.
Forty-three transcripts showed up-regulated expression in ECM, with a P value of Ͻ5 ϫ 10 Ϫ2 (Table 3) . Among the most abundant transcripts, a large proportion represented genes for homologues of ribosomal proteins (19 ESTs), 5 coded for translation and elongation factors or heat shock proteins, and 10 coded for proteins with unknown functions. A gene encoding a putative phosphatidylserine decarboxylase (Psd) related to Arabidopsis thaliana Psd showed 24-fold up-regulation in ECM. From the psd EST (Table 3) , a forward primer was designed (psd3) ( Table 1) to allow the amplification of an 866-bp 3Ј fragment by RACE-PCR; this analysis revealed a 1.10 Ϫ44 degree of similarity (E value) to Burkholderia fungorum Psd. This enzyme catalyzes the formation of phosphatidylethanolamine (PE) from phosphatidylserine (PS) (58) . To confirm the up-regulation of psd in ECM, we measured its expression in a P. involutus-B. pendula axenic symbiotic system, which allowed us to monitor the development of the symbiotic structure in a time course series as described previously (7). Interestingly, psd transcripts were not detected in the free-living mycelium, whereas their expression increased markedly after 4, 8, and 12 days of contact between fungal and root cells (Fig. 2) . Another gene that was highly up-regulated in ECM (21.4-fold) was homologous to a gene encoding CipC protein (concanamycin-induced protein type C) from Emericella nidulans. This EST corresponds to the full-length cDNA (351 bp). The up-regulation of cipC in ECM was confirmed by RT-PCR (Fig.  3) . Although its function remains unknown, its abundance was strikingly increased when E. nidulans was grown in concanamycin-containing medium, leading to drastic changes in hyphal morphology (33) .
A putative manganese superoxide dismutase homologue was up-regulated in ECM (8.1-fold), in agreement with the upregulation of manganese superoxide dismutase in ectomycorrhizal tissue compared with the free-living fungus (25) . This enzyme was previously characterized in P. involutus (22) and might function as a defense mechanism against high concentrations of reactive oxygen species. A gene coding for a putative rehydrin-like protein, a peroxiredoxin, was up-regulated 2.2-fold in ECM. This enzyme is also able to detoxify various hydroperoxides and peroxynitrites (44) . A homologue for a gene coding for polyubiquitin, a highly conserved protein, implicated in the function of vital cellular processes by protein   FIG. 2 . Levels of psd transcripts after RT-PCR in free-living mycelium (FLM) and ECM of P. involutus-B. pendula axenic cultures after 4, 8, and 12 days (d) of contact. Mycorrhizae were synthesized as described previously (7) . The primers used are listed in Table 1 . The cycle number used is given in Materials and Methods. (26), was up-regulated 2.0-fold. The aut7 transcripts were not detected in the free-living fungus and seemed to be dependent on a symbiotic interaction with the host plant (26) . The protein encoded by this gene may thus play a key role during the colonization of the root by the fungus by providing necessary components for hyphal biogenesis and differentiation. Genes coding for a putative guanine nucleotide binding protein and inorganic diphosphatase were also up-regulated in ECM (5.8-and 3.3-fold, respectively) ( Table 3 ). In EM, 22 genes were significantly up-regulated, with a P value of Ͻ5 ϫ 10 Ϫ2 (Table 4) , although the functions of 11 of these were unknown. A gene coding for a multidrug efflux protein from the major facilitator superfamily was found to be up-regulated (6.2-fold) in EM compared to ECM. It was a homologue (E value, 5.10 Ϫ11 ) of the Saccharomyces cerevisiae tpo3 vacuolar spermine transporter gene (56) . The first step of polyamine biosynthesis is the formation of putrescine, which is synthesized from ornithine by ornithine decarboxylase. Spermine, which is derived from putrescine by the activity of spermine synthase, then is oxidized by a polyamine oxidase, leading to the formation of 1,3-aminopropylpyrroline and H 2 O 2 (Fig.  4) . Both ornithine decarboxylase-and polyamine oxidase-encoding genes were slightly up-regulated in EM (1.3-and 1.7-fold, respectively) (data not shown). A gene coding for a putative dihydroorotase, which produces dihydroorotate from ureidosuccinate during the synthesis of pyrimidines, was 4.9-fold up-regulated in EM (Fig. 4) . In agreement with these data, transcripts of a putative allantoate-ureidosuccinate transporter (Dal5) were up-regulated in EM (3.1-fold). This gene was not included in Table 4 because it did not meet the condition of a P value of Ͻ5 ϫ 10 Ϫ2 (P value, 8.4 ϫ 10 Ϫ2 ). A 1,428 bp full-length cDNA obtained for dal5 by RACE-PCR showed a 4.10 Ϫ59 degree of similarity (E value) to the S. pombe allantoate transporter gene. Allantoate can be produced by purine catabolism and degraded into urea by the activity of allantoicase. Furthermore, an EST (dur3) that was homologous to a gene coding for a putative urea transporter was found to be up-regulated 4.1-fold in EM compared to ECM. From the dur3 EST (Table 4) , a forward primer was designed (Table 1) to allow the amplification of a 749-bp 3Ј fragment by RACE-PCR; this analysis revealed a 2.10 Ϫ18 degree of similarity (E value) to the Oryza sativa urea transporter. The up-regulation of dur3 in EM was confirmed by RT-PCR (Fig. 3) . Moreover, a homologue for the gene (ureG) coding for the urease accessory protein, a component of urease, was expressed (data not shown). This result may indicate that P. involutus possesses the enzymatic capacity to produce ammonia from urea.
Genes coding for a putative Golgi membrane sorting protein, alpha-mannosidase, arsenite-translocating ATPase, serine proteinase, and aldose reductase were also up-regulated in EM (4.2-, 4-, 3.5-, 3.2-, and 2.6-fold, respectively) ( Table 4) .
DISCUSSION
We have shown a spatial pattern of fungal gene expression in EM and ECM that suggests differences in metabolism in the two compartments. Among the fungal genes being up-regulated the most in ECM compared to EM is a homologue for a phosphatidylserine decarboxylase (Psd) gene (Table 3) . We confirmed, in a time course experiment with an axenic system described previously (7) , that psd was indeed up-regulated in the mycelium attached to the roots, whereas it remained almost undetectable in the free-living mycelium (Fig. 2) . In all organisms, Psd plays a key role in phospholipid metabolism by catalyzing the formation of PE from PS (58) . In S. cerevisiae, two different enzymes exist; one (Psd1) is associated with the inner mitochondrial membrane (61) , and the other (Psd2) is associated with the Golgi and vacuolar compartments (57) . In A. thaliana, mRNA of a mitochondrial Psd was found to be expressed throughout the plant (43) . In agreement with a previous report suggesting that symbiosis development leads to increased membrane formation (28) , these results suggest that the up-regulation of the psd gene in ECM could allow the synthesis of newly formed membranes at the symbiotic interface. This process could allow for the incorporation into the membrane of new permeases required for the transfer of N compounds at the symbiotic interface. The up-regulation of psd expression in P. involutus-B. pendula may be also linked to changes in the phospholipid fractions observed in Pinus sylvestris-Pisolithus tinctorius ectomycorrhizal roots (29) . Additionally, PE, the product of PS decarboxylation, may also be involved in the integration and stabilization of proteins in membranes and in membrane-membrane contact, as demonstrated for S. cerevisiae (13, 42) .
Supported by the up-regulation of a gene coding for a vacuolar spermine transporter in EM (Tpo3), we hypothesize that the long-distance translocation of N compounds along the mycelial network, such as spermine, which has a low C/N ratio (2.5), occurs through vacuole exchange. It has repeatedly been demonstrated that vacuoles are motile structures that can be translocated from cell to cell across the dolipore septum for relatively long distances (2, 12, 49) . Polyamines, whose biosynthesis, release, and uptake have been demonstrated in P. involutus (19) , could be produced and stored in the vacuole, as suggested for S. cerevisiae (56) . Thus, in ectomycorrhizal associations, the vacuole system may act as a conduit to move nitrogen between hyphal tips and the plant-fungus interface. This view is consistent with the observed translocation patterns of phosphorus through ectomycorrhizal mycelia in association with pine seedlings (53) . Polyphosphates were detected in fungal vacuoles of ectomycorrhizae (8, 51) , and Arg and Gln were proposed to be the associated cations to neutralize them (51) . Through vacuole exchange, these N compounds, in particular, Arg, could be translocated from extraradical to intraradical mycelium, as already described for endomycorrhizal and ectomycorrhizal systems (3).
However, Arg and other urea cycle intermediates (ornithine and citrulline) were not detected in EM but were readily detected in P. involutus mycelia grown on standard MMN (10) . It was shown previously that, after ammonium supply, Ala, Glu, or Gln and Asp or Asn were the most abundant amino acids and the major sinks for labeled N incorporation, both in EM and in mycorrhizal tips in a P. involutus-Fagus sylvatica microcosm (18) . In peat medium of the microcosm, where no nutrients were applied and no amino acids were detected, the mycelium did not accumulate free amino acids (Fig. 1) ; the latter 388 MOREL ET AL. APPL. ENVIRON. MICROBIOL.
FIG. 4.
Proposed model for urea, allantoate, and spermine synthesis and translocation in EM. Gray boxes represent proteins for which the corresponding genes were found to be up-regulated in EM. The expression ratios are given in parentheses. Stippled boxes represent expressed genes encoding proteins involved in the pathways described but not found to be up-regulated in EM. Urea could originate from the urea cycle and both pyrimidine and purine catabolism, with allantoate as an intermediate. Spermine could originate from ornithine, a urea cycle intermediate. These compounds could be translocated through EM by urea (Dur3), allantoate (Dal5), and spermine (Tpo3) transporters, which were found to be up-regulated in EM.
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were probably directly incorporated into proteins. Conversely, a high proportion of urea was detected in our mycorrhizal system, indicating a rapid turnover of urea cycle intermediates, which could occur in an N-starved system (Fig. 1c) . This "futile" cycle probably takes place to feed the margin of EM with carbon compounds, such as ornithine, to allow the survival of these active hyphae. Urea in EM may also originate from purine catabolism through allantoate degradation (Fig. 4) . P. involutus was able to grow on 1 mM allantoate or urea, producing 29.6 and 20.9 mg of fresh weight biomass, respectively (compared with 67.2 and 2.5 mg for NH 4 ϩ -grown and Nstarved mycelia, respectively); these results demonstrated that it is able to use allantoate and urea as N sources for growth, as demonstrated by Schultz et al. (48) . Moreover, urea has been shown to be an obligate intermediate in and the penultimate product of the catabolism of pyrimidine ring nitrogen (52) . The synthesis of pyrimidines involves dihydroorotase, which is encoded by a gene observed here to be up-regulated in EM (Fig.  4) . These data suggest that pyrimidines are probably synthesized at the active margin of the mycelium, while older hyphae possibly degrade them for the release of urea.
Thus, degradation products (allantoate and/or urea) of purine and pyrimidine catabolism may serve as nitrogen sources when the preferred nitrogen sources, e.g., Glu, ammonia, or Gln, are exhausted. In agreement with these conclusions, we observed the up-regulation in EM of genes homologous to the genes for a urea transporter (Dur3) and an allantoate-ureidosuccinate transporter (Dal5) ( Table 4) , possibly ensuring the transfer of these N sources between hyphae. Observations of 14 C-␣-aminoisobutyric acid transport in colonies of Phanerochaete velutina are consistent with the idea that nutrients effectively cycle through the mycelium from a loading site and are drawn off as required at different sinks (54, 55) . Moreover, such circulation of nutrients in fungal mycelia should equalize differences in nutrient concentrations in various parts of the mycelia, enabling the net translocation of nutrients from areas of nutrient availability to those of nutrient demand (30) .
For the growth conditions used, we could not find any statistical difference between EM and ECM in transcriptional levels for Gln synthetase, Glu synthase, Ala aminotransferase, or Asp aminotransferase, which are involved in the assimilation of ammonia. Instead, the genes for these enzymes were expressed in both compartments, a finding which may suggest that the corresponding enzymes are constitutively expressed in our system. Thus, EM does not favor primary amino acid anabolism under our starvation conditions; rather, the results indicate that the activation of urea-producing pathways may occur in EM.
The up-regulation in ECM of 25 ESTs coding for proteins involved in protein synthesis, including ribosomal proteins and translation factors, supports the fact that ECM cells need to rearrange their structure and metabolism to form an efficient symbiotic organ. It was previously shown that plant transcripts corresponding to ribosomal proteins were also up-regulated during ectomycorrhiza formation (25) . Indeed, the intercellular penetration and formation of the Hartig net induce a profound change in the morphology and metabolism of fungal hyphae (7, 50) . Hyphal proliferation and prolific branching, decreased interhyphal spacing, and increased hyphal density around roots are primary events that are often observed during ectomycorrhiza formation (50) . We may therefore speculate that the up-regulation of cipC may be linked to changes in the growth morphology of the fungus. Interestingly, cipC homologues have also been found in several EST studies of ECM fungi, including Laccaria laccata and P. tinctorius (38) .
Our results allow us to hypothesize that the spatial regulation of transport functions occurs in the intact mycorrhizal system used. It appears that the active hyphae of ECM could represent an important sink for phospholipids from the plant under the nutrient starvation conditions used, considering the up-regulation of psd.
Genes up-regulated in EM code for proteins (Dur3 and Tpo3) involved in the transport of N compounds. Long-distance translocation of specific N compounds (such as spermine) or hypha-to-hypha transfer of urea seems to occur in EM but would not be needed in ECM, where other amino acids (Glu and Asp) may serve as primary N sources.
Further investigations are needed to understand how the mycelium may adjust its metabolism under changing nitrogen conditions. A combination of transcriptional and biochemical studies should allow determination of the form in which nitrogen is transferred to the host plant, depending on the soil nitrogen status.
